Heracleum sosnowskyi Manden of the Apiaceae family is a malignant invasive plant in Eastern Europe, Belarus and Russia. The species is known for its prolific seed production, which has been linked to the plant's invasive success. The fruit also has a strong aroma, but the contribution of the fruit's volatile constituent to out-compete neighboring plants has not been fully established. In this study, fruit volatiles of H. sosnowskyi and conspecifics (i.e. H. asperum, H. lescovii, H. dissectum, H. hirtum) were identified by headspace gas chromatography-mass spectrometry (HS-GC-MS). Octyl acetate, octanol, octanal, hexyl isobutyrate, and hexyl-2-methyl butyrate were found to be the principal volatiles. Using authentic standards, the growth-inhibitory property of the individual compounds was assayed by the novel Cotton swab method. Assay results with lettuce (Lactuca sativa) showed that octanal strongly inhibited seed germination and radicle elongation of seedlings. The results suggest that octanal may be the main contributor to the allelopathic activity of H. sosnowksyi fruits. Furthermore, the mixture of fruit volatiles from the invasive H. sosnowskyi more strongly delayed lettuce seedling elongation than the volatiles from fruits of the non-invasive H. asperum, H. lescovii, H. dissectum and H. hirtum. Thus, the present study is the first to demonstrate the possible involvement of fruit volatiles of Heracleum species in plant-plant interaction.
Besides the dispersal role of H. sosnowskyi fruits [5] , their ecological significance is not fully understood, far less the role of essential oils. Previous studies reported the allelopathic activity of the fruits of Heracleum species [11] [12] [13] [14] [15] [16] , but the possible phytotoxity of their volatiles has not been given much attention. We hypothesize that the fruit volatiles may act as allelopathic agents, inhibiting the growth of other plants, thus contributing to the competitiveness of H. sonsowskyi. Contrariwise, we suppose, that volatiles from Heracleum species known to be non-invasive have a lower plant growth inhibitory effect.
This research aims to identify allelopathic volatile constituents from the fruits of the invasive H. sosnowskyi in comparison with those of the non-invasive H. asperum, H. lescovii, H. dissectum and H. hirtum. To characterize the growth-inhibiting potential of the volatiles, we used the dish pack method and a newly developed bioassay technique, the Cotton swab method, using authentic compounds.
Results of the dish pack bioassay revealed that volatiles from fruits of H. sosnowskyi have the greatest inhibitory effect on lettuce with variations depending on the location of fruit collection (Table 1 ). The volatile profile of Heracleum species fruits revealed 18 compounds including alcohols, aldehydes, terpenes and fatty acid esters, predominantly long chain ( Figure 1 ). The volatiles of H. sosnowskyi showed greater diversity at a retention time of 9-15 min. Octyl acetate, n-hexyl acetate, n-hexyl isobutyrate, and hexyl-2methyl butyrate appear to be the major components. Other compounds detected in trace amounts were hexanol, propan-1-yl 2methylbutanoate, isopropyl isovaleriate, n-hexyl acetate, and ocymene. That is similar to the previously reported constituents of essential oils extracted from H. sosnowskyi fruits [8, 9, 18] . The identified compounds in H. sosnowskyi seeds are summarized in Table 2 . The volatile composition is consistent regardless of source, and octyl acetate, the major volatile component, varied from 26.5% (Kaluga population) to 51.4% (Sakhalin population). Other Heracleum species had less diversity in their volatile composition (Table 3) , but the major constituents were the same. The high percentage of α-pinene was detected only in the mixture of volatiles from H. lescovii and H. asperum fruits, collected in Teberda, Karachaevo-Cherkess Republic.
The concentration of octanal from fruits of H. sosnowskyi varied with the source by a range of 0.6-4.9 ng/cm 3 ; of octanol by 0.2-9.1 ng/cm 3 and octyl acetate by 5.8-48.9 ng/cm 3 seeds. The abundance of individual compounds and their concentration may vary due to inhomogeneity of climate and edaphic conditions of the growth location [8, 19] . Results showed that octanal inhibited 50% of lettuce radicle and hypocotyl growth at concentrations of 20 and 9 ng/cm 3 , respectively. However, octyl acetate vapors slightly inhibited the radicle and hypocotyl elongation of lettuce seedlings (EC 50 = 64 and 57 ng/cm 3 respectively), but had no effect on germination.
The structure (carbon-chain length and saturation) of volatile compounds directly relates to their growth-regulatory activity. For example, C 7 and C 8 compounds had been previously reported to have higher inhibitory activity than those with six and nine carbon atom chains [20] . The cumulative results of the bioassays showed that (E)-2-hexenal was the most inhibitory volatile tested, followed by nonanal, 3-methylbutanal, and ethyl 2-methylbutyrate [21] .
Total allelopathic activity of the fruit volatiles of Heracleum species was determined to evaluate the contribution of octanal to the growth inhibition based on its concentration [22] [23] [24] . Fifty percent inhibition of the radicle and hypocotyl growth of lettuce seedlings was observed when 150-275 mg of the fruits was placed per glass vial. Higher amount of H. sosnowskyi fruits totally inhibited the germination, radicle and hypocotyl growth of lettuce seedlings. The inhibitory activity of octanal and the mixture of volatiles released by H. sosnowskyi fruits were compared based on their concentration in headspace air (Figure 2 ). Octanal was found as the predominant species suggesting its major contribution to the putative growth-inhibitory activity of H. sosnowskyi fruits.
Volatilization of essential oils from plant living tissues [25] or plant residues [21] into the environment occurs naturally and is directly involved in plant-plant communication. In support of our hypothesis that fruit volatiles may inhibit the germination and growth of other plants, we found that the volatiles of H. sosnowskyi are phytotoxic to the growth of lettuce seedlings with location-specific variations. The volatiles from the fruits of non-invasive Heracleum species had a tendency to have lower inhibitory activity compared with the volatiles of H. sosnowskyi (Table 1) .
To estimate the inhibitory effect of individual volatile compounds, we developed a Cotton swab method, which is fast, inexpensive, and allowed us to conduct GC-MS analysis simply at the same time.
Octanal created a distinctive odor for H. sosnowskyi fruits, which confirmed it as a major contributor to the total phytotoxicity of the fruit volatiles.
The fruit volatile mixture of non-invasive Heracleum species was found to be less abundant and significantly less inhibitory to the radicle and hypocotyl growth of lettuce seedlings than those of the invasive H. sosnowskyi. Considering the high seed productivity and high plant density in invasive populations of Sosnowskyi's hogweed, we can assume that fruit volatiles may support plant invasiveness like any other biologically active substances [26] [27] [28] .
Barney et al. [28] concluded that "allelopathy in the gas phase has remained a subject for skepticism", but this study shows that headspace volatiles, especially octanal, in the surface of soil covered by the H. sosnowskyi fruits, has a possibility to inhibit the growth of other plants. 
Experimental

Allelopathic activity evaluation:
The dish pack method [17] was implemented to determine the growth inhibitory property of volatile compounds of Heracleum sp. fruits. One g of fruits was placed in one well of a 6-well dish (3.5 cm d., Nunc Company). In each of the other wells, 5 seeds of Lactuca sativa, var. Great Lakes 366 (Takii seed Co., Japan) were placed atop a sheet of filter paper soaked with 0.7 mL of distilled water. The dishes were incubated for 3 days under dark conditions at 22°C. At the end of incubation, the lengths of radicle and hypocotyl, as well as the germination percentage were recorded.
Headspace gas chromatography-mass spectrometry (HS-GC-MS):
Headspace gas (200 μL) of a 20 mL (23 x 75 mm) sealed glass vial (GRACE, Japan) containing 1 g of Heracleum fruits was collected after 1 h of incubation. Quantification and identification of volatile compounds was carried out in a gas chromatography-mass spectrometry set-up (GC-MS-QP 2010 Plus system, Shimadzu, Japan) using an EQUITY-5 column (0.25 mm x 30 m x 0.25 μm, Supelco) with helium gas as carrier (flow rate: 29.0 mL/min). The oven temperature was kept at 60°C and increased at a rate of 10°C/min to 200°C, and kept constant for 30 min. The injection was set to splitless mode at a temperature of 200°C. Mass spectra were recorded at 70 eV with a mass range of m/z 50 to 400, compared with an in-house mass spectral library (NIST and Wiley), and confirmed against the spectra of authentic standards. The concentration of the volatile compounds in the headspace was calculated using the calibration curve of authentic compounds.
Cotton swab method:
The cotton swab method was developed to estimate the phytotoxity of the authentic volatile compounds octanal (Wako, ≥97%) and octyl acetate (Wako, ≥97%). Briefly, 10 mL of 0.75% agar solution was added to a glass vial (20 mL) ( Figure 4 ). After solidification, 5 seeds of L. sativa were accurately placed into each vial. A double-tipped cotton swab (7.6 cm) was cut in half and then vertically inserted into the agar on the periphery. Authentic compounds were dissolved in methanol and an appropriate amount was added to the cotton swab using a glass microcapillary syringe. The glass vial was immediately closed by a pressure cap. After 3 days of incubation under dark conditions at 22°C the length of radicle and hypocotyl of the lettuce seedlings were measured. All treatments were replicated 3 times in each experiment, and the experiments were replicated twice. In the description, the percentage inhibition is presented in relation to the radicle and hypocotyl elongation of the control seedlings. The plant growth inhibitory activity of individual volatile compounds was expressed as EC 50 .
To estimate the contribution of individual volatiles to the total allelopathic activity of fruits, we modified the cotton swab method by adding fruits directly to the glass vial. Mishyna et al.
Statistical analyses:
We used the one-way ANOVA test and Tukey HSD test to test the effect of volatiles on seed germination, radicle and hypocotyl elongation of each species. The level of significance was fixed at P<0.05.
